Using single molecule transistor incorporating individual Manganese phthalocynine (MnPc) molecules, we studied two-stage Kondo effect involving a multi-level impurity. Utilizing extreme confined molecular structure, we have achieved gate tuning of Kondo temperatures for single channel two-stage Kondo process. Single gate in our devices can significantly change the Kondo temperature T * representing the internal correlation between different molecular levels. A linear relationship was obtained between the T * and effective interaction of two electrons, and exchange energy of electrons in this molecule device could be extracted accordingly. Moreover, the two-stage Kondo resonance behaves almost identical to small excitations in electric field, magnetic field and thermal change, showing a clear universality. Messages learned in this study not only fill in missing experimental knowledge of evolution in two-stage Kondo resonance toward the quantum phase transition point, but also help in understanding sophisticated molecular electronic spectroscopy in strong correlation regime.
Temperature, electrical and magnetic study of the zero bias conductance peak in region I prove a single channel spin 1/2 Kondo resonance (see Supplemental Material), with a single Kondo temperature T K,1/2 =3.21±0.02K (at V g =2V) and a g factor of 1.79. In region II, a pronounced sharp dip is observed within a large broad peak ( Fig.2a ), forming a split peak feature. The dip become shallower and disappears when temperature increases from 0.3K to 3K. As the temperature increase further, the broad peak decreases, and eventually vanishes. The zero bias conductance shows a distinct nonmonotonic temperature dependence (Fig.2b) . These features, combining together, demonstrate a clear two stage Kondo resonance in single MnPc transistors 13 .
The spin state in region II could be either 0 or 1 with two-electron occupation. And two stage Kondo effect can appear with either spin singlet or triplet impurity states 13, 15 . A magnetic field was applied perpendicular to the substrate to determine the ground state of the device(shown in Fig. 2c ). The splitting of the peak diminishes first, then splits further with the increasing field. This crossing and linear dependence behavior of split peak is in consistent with spin singlet being ground state 19 and the finite bias peak is associated with excitations into spin triplet 22 . At zero field, energy of triplet state is 0.45meV higher than that of singlet state at Vg=-2V. The critical field of singlet to triplet (S-T) ground state transition is at 3.2T. Device at higher field has triplet ground state. g factor is calculated to be 1.76, very close to the value obtained in region I.
Singlet two-stage Kondo effect is predicted to associate with single conduction channel and to be near a Kosterlitz-Thouless (KT) type quantum phase transition point 13, 19, 23 . The fact that no significant enhancement of resonance was observed at the critical field( Fig.2c,Fig. S3 in Supplemental Material), demonstrates two stage Kondo effect in our molecular devices is a single channel process. 7, 19 The small energy difference between singlet and triplet (0.45mV at 0T and Vg at -2V) also indicate ground state of our single molecular devices is close to quantum phase transition point. Thus the scenario is in consistent with the proposed theory for single channel two stage Kondo effect 13,23 . The observed nonmonotonic singlet two stage Kondo could be explained by competition between molecular internal binding correlation and the correlated spin screening process by itinerant electrons via a single conduction channel. At finite temperature, spin singlet state could dissociate into two independent spin due to quantum criticality near the KT quantum phase transition 19 . At higher temperature, itinerant electrons in the electrodes screen one of the two spins in the molecule, leading to a broad Kondo peak, characterized by T k , described by a spin 1/2 Kondo resonance model 6 (equation S1 in Supplemental Material). At lower temperature, the singlet binding energy cause the second spin to destroy screening cloud of the first stage Kondo resonance, forming a Kondo scattering in the second stage, described by an inverted spin 1/2 Kondo resonance form of 18, 19 G(T) = G 0 − G 0 /[1 + (2 1/s − 1)(T/T * ) 2 ] s + G c (1) at lower temperature, where T * is the second Kondo temperature, G 0 is a typical conductance value, G c is the background conductance. T k and T * can thus be extracted accordingly. T k =13.3±2.7K and T * =4.1±0.1 K are extracted at V g =-2V, much higher than previous molecular and quantum dots studies 19 .
Discussion
Most of exotic Kondo physics were previously studied using artificial quantum dots, where multiple gates were applied to define the dots and fine tune the correlation parameters 6, 16, 17 , yet the controlling of T * has been hard to achieve. In our single MnPc transistors, however, a clear tunability of T * with a single gate is realized ( Fig. 3c, Fig. S4 in Supplemental Material). Extracted T * forms a straight line with gate voltages. The single-gate control of T * was unexpected, since T * represents the internal singlet binding energy of two electrons in the molecules and may not be tuned by gate voltage controlling chemical potential of the molecule, as in the case of spin 1/2 system 6 .
The reason for this unexpected behavior could arise from a gate tunable singlet triplet level spacing in our devices. Fig.3a and 3b show that the energy difference between singlet and triplet (∆ε = ε T −ε S the singlet triplet energy difference, ε S is spin singlet energy, ε T is spin triplet energy) become smaller at more negative gate voltages, while the opposite trend is observed in device 2 ( Fig. S5 in Supplemental Material). This gate induced changes in singlet-triplet splitting, as has been observed in carbon nanotube 24 and C 60 molecular device 19 , could be due to different gate couplings of the two orbitals ,or level renormalization effect induced by asymmetric tunneling couplings 24 .
It was proposed that T * in two stage Kondo process decrease when approaching S-T transition point, as a function of effective exchange interaction ΔI between the two impurities (∆I = ∆ε + J/4 , J is the exchange energy between the local electrons) 13 . Fig.3c shows gate dependent T * and ∆ε, in total agreement with theoretical prediction. ∆ε is acquired by taking the peak position of the split peaks at different gate potentials. In Fig.3d , the T * vs. ∆ε forms a linear relation. The early calculation 13 indeed shows T * ~Δ I under the condition ΔI~T K . In our single molecule transistor, the obtained ∆ε is on the order of 0.5meV while T k is on the order of 10K, comparable to each other. Assuming T * = k ∆I, i.e. T * = k (∆ε + J/4)/k B , linear fit in Fig.3d shows k = 0.30 ± 0.02 and J = −(1.40 ± 0.04) meV. The exchange energy of -1.4meV reveals a ferromagnetic interaction between the two electrons in our MnPc molecular devices. We note here, in our devices, both positive or negative J can lead to singlet ground state as long as ∆I is positive, which is different from double quantum dot structure, whose S-T energy splitting is only determined by J 25 . Similar analysis could be applied to device 2 ( Fig. S5a in Supplemental Material). A similar value of J = -1.6meV could be deduced, quantitatively in agreement with device1. The similarity of J from two separate devices with different local environment suggests J is an internal parameter of the molecule. Considering the ferromagnetic interaction and almost degenerate spin single and triplet, the two levels contributing to two-stage Kondo effect in our devices are mostly likely to be 3d xz and 3d yz of the Mn atom in MnPc molecule 26 .
Fig. 3
Gate voltage dependences of T* and singlet-triplet energy splitting. a Color plot of numerical derivative of dI/dV as a function V sd and V g in region II for device 1. The black dash line indicates the peak position, which corresponds to the energy difference between spin singlet and triplet. b Line traces of dI/dV against V sd in a at different gate voltages. The peak positions are marked by dash line. The curves are shifted vertically for clarification. c T * and ∆ε of device 1 at different gate voltage. ∆ε is acquired by taking the peak position of the split peaks at different gate potentials in b. d Plot of T * against ∆ε for device 1. The dash line is a linear fitting.
The universality of Kondo effect, independent of physical systems and origin of the interactions, exhibits the importance of the theory and wide application of the experimental results. Most previous studies of universality were focused on single level Kondo effect and only involve temperature and voltage effect. We here address the universality of two-stage Kondo effect with temperature, voltage and magnetic field.
The unique nonmonotonic two stage Kondo effect shows two regimes at high temperature and low temperature. Close to zero temperature, the low energy excitation behavior is dominant by the smaller energy scale T * . In Fig. 4a , the zero bias normalized conductance (G-G c )/G 0 at different V g are plotted as a function of T/T * . A clear universal scaling law could be seen for the two stage Kondo effect with T/T * . The same universal scaling law could also be found in Fig. 4b , where the normalized differential conductance vs. scaled biased voltage by T * plots fall into an identical dip profile. Comparing Fig 4a and b , the resonance profile tends to deviate from universal function at a lower energy(T/T * or V sd /T * ) when V g become more close to the charge degenerate point between region I and II. This can be explained by the higher T k near the charge degenerate point affecting the non-equilibrium Kondo effect more strongly, manifesting again the competition between itinerant correlation and impurity correlations.
Universality of two-stage Kondo effect could also manifest as a striking similar scaling form in seemingly unrelated physical phenomena if the based dynamics are similar. In our single molecular devices, upon excitation by temperature(T), electrical voltage(V sd ) and magnet fieldb, the conductance suppression in the second stage is weaken, as shown in Fig. 4c , for they contribute to quench molecular internal binding correlation. The non-equilibrium low energy perturbation of our two stage Kondo resonance shows similar power law dependence 14, 27 with temperature(T), bias voltage(V sd ) and magnet fieldb (Fig. 4c ) scaled with T * when T<<T * . To determine the scaling relationship for T, V sd and B, we fit the low-energy conductance to the form (Fig. 4c) ,
where P v , P T , P B are scaling exponents and C v , C T , C B are the scaling coefficients 14, 28 . The best fit exponents are P V =1.98±0.08 P T =1.83±0.01 P B =1.89±0.09, closing to 2 and revealing a Fermi liquid behavior 28 . Treating all the exponents to be 2, We replot the low-energy excitations against (represented by a uniteless value X 2 ) in Fig.4d , in which the same quadratic behaviors are valid up to X 2 =0.5. The valid quadratic dependence range is substantially large 29 . A full set of scaling coefficients, C v , C T and C B of 0.42, 0.27 and 0.37 are extracted 14 . In two channel two stage Kondo effect, it was predicted the ratios between these values is not fixed. Our single channel two stage Kondo resonance is very close to strong asymmetric coupling limit in multilevel Anderson model 29 We can also deduce local configuration of our molecular device based on above results. The resonance conductance is much less than conductance quanta, indicating the molecule is close only to one of the two gold electrodes. The observed single channel physics requires that electrons tunnels to the two d orbitals via a single conduction site, suggesting Mn ion couples to single gold atom. It would lead to a conclusion single channel two stage Kondo effect only happens when Mn is on top of single Au atom(top site), instead of in between several gold atoms (bridge site and hollow site, see Supplementary Material). Site dependent Kondo effect have been reported in STM studies where a dip was often seen when individual metal phthalocyanine molecule was on top of gold atom while disappear when it took other positions 20, 30 . We also perform the calculation of absorption energy of MnPc molecule on gold [111] surface and confirmed top site is the most stable site with 77meV more stable than the bridge site and 155meV than hollow site(see Supplementary Material) . The linear magnetic field splitting of the two stage Kondo resonance also suggest the magnetic field is in the molecular plane 20 . Above analysis suggest a plausible molecular device configuration in Fig.1a .
In conclusion, we studied single channel two stage Kondo effect using single molecule transistor platform. A clear linear gate dependence of the second stage Kondo temperature T * was achieved using only a single gate, revealing the linkage of T * to the effective exchange energy. The type and energy of exchange interaction of two electrons in the molecular devices are acquired accordingly. The universality showing here against all measurement suggest that the basic form of obtained two stage Kondo effect might apply widely in different system, regardless of impurity type or device structure. The construction and controlling of two stage Kondo effect, using single molecule transistor, open a new way for quantitatively study sophisticate strong correlation processes which is key for many unsolved physical problem today. Deliberate choosing kinds of molecules and correlations are expected to lead to fruitful studies and understandings in multiple fields.
Supplemental Material
Gate tuning and universality of Two-stage Kondo 
1.Device fabrication
Single MnPc molecule transistors devices were fabraicated by electromigration technique. A schematic diagram is shown in Fig. 1(a) . A narrow gold nanowire was fabricated by electron-beam lithography on an aluminum pad with a ~3nm oxide layer serving as the gate electrode. Electrical current was applied to the gold nanowire to create two closely spaced electrodes with a gap about 1nm. To incorporate single molecules, dilute alcohol solution of MnPc was deposited on a chip containing the array of gold nanowires before the electromigration breaking. Immediately after breaking process, the chips are transferred to a cryostat and cooled down to base temperature to freeze electrodes and stabilize molecules.
2.Identification single MnPc molecule.
Excited states that arise from the internal vibration of measured molecules could be used to identify unique molecular devices. Devices 1 and 2 show pronounced excited states at 63meV and 16meV respectively (Fig.S1 ), matching infrared spectra of metal-phthalocyanine derivatives 1-3 for out of plane vibration and in plane stretching modes. The additional energies, i.e. the energies required to add one more electron to a molecule, are typically hundreds of meV for the single molecule junctions. The addition energy of our devices cannot be measured directly due to the instability of molecular junction under a high bias voltage. But from the measurement range in both V sd and V g , we estimate the lower bound of additional energy is 120meV for device1 and 160meV for device2, much larger than that of gold clusters occasionally formed during current breaking process. Observation of molecule specific vibration and large addition energy supports that measured signals come from electrons passing through individual MnPc molecule in the metal junction.
3.Characterization of spin 1/2 fully screened Kondo effect.
In blocking region I of both device 1 and 2, sharp zero-bias conductance peaks appear. The peak is strongly temperature dependent. Differential conductance (dI/dV) versus bias V sd for various temperature at V g =2V for device 1 is shown in Fig. S2(a) . As temperature is raised, the peak height decreases in a logarithmic fashion [ Fig.S2 2(b) ]. The single peak also splits linearly under magnet field, as shown in Fig. S2(c) , in which g factor is equal to 1.79. These phenomena indicate this is a Kondo resonance. The temperature dependence of spin S=1/2 Kondo peak height follows an approximate scaling form 4 G(T) = G 0 /[1 + (2 1/s − 1)(T/T k,1/2 ) 2 ] s + G c (S1) where G 0 is the zero temperature conductance, G c is a background conductance and T k,1/2 is the Kondo temperature. We use this formula to fit Kondo peak height at different temperature [Fig. S2(b)) and get T K,1/2 =3.21±0.02K. Fig. S2(b) also shows the data fitting to numerical renormalization group(NRG) result for S=1 and 3/2 underscreened Kondo processes 5 . The data fit best to spin 1/2 model, excluding the underscreened Kondo effect for S=1 and 3/2. The detailed temperature dependences analysis of Kondo resonance shows this is a fully screened single channel spin 1/2 ground state instead of 3/2 ground state. These evidence clearly proves that MnPc has S=1/2 ground state in region I and the Kondo resonance we observed in this region is fully screened spin 1/2 Kondo process.
Determination of spin ground state in Region II.
To determine the spin ground state, we perform a magnetic field dependent study by applying magnet field perpendicular to the device surface in Fig. 2(c) . As the magnetic field increases, the splitting of the peak diminishes first but appears again and splits further at higher field. This crossing and linear dependence behavior of split peak is in consistent with spin singlet being ground state and the finite bias peak is associate with involving excitations into spin triplet with the position of when V sd meets with the energy difference between spin singlet and triplet. Spin states can be noted as |S,m>, where S is the total spin and m is the spin projection of the total spin on z-axis. For two electron systems, the spin states include a spin singlet |0,0> and a spin triplet |1,1>,|1,0> ,|1,-1>. All the triplet states are degenerate at zero magnet field (B=0) but split into three levels in magnetic field B, with the energy shifting of each level equal to mgμ B B. If the singlet meets triplet|1,-1>, a ground state transition happens. If the ground state is triplet, the line crossing would not happen 6 . The corresponding energy level diagram is also shown in Fig.2(c) .
Calculation of configuration.
To confirm the stable structure of an MnPc molecule on Au(111) surface, we resort to numerical simulations based on the density functional theory (DFT). The MnPc is put laying on an Au(111) surface. We choose three initial symmetric configurations (Fig. S6 ). The first one is called top site, where the central Mn atom of the MnPc is on the top of a surface Au atom. The second and the third ones are called bridge site and hollow site, respectively, where the Mn atom is above the bond center of two adjacent Au atoms or above the regular triangle center of three adjacent Au atoms in the outmost atomic layer. During the simulations, we take two Au(111) layers and fix the positions of the Au atoms to reduce computing workload. But all the atomic positions of the FIG.S3 The differential conductance profiles at B=0T, 3.2T and 8T in Fig. 2c (V g =-2V for device 1). B 0 =3.2T is the critical point. The peak at B=3.2T is not greater than the peaks at B=0, indicating only one channel participates.
FIG. S4 Plot scaled zero bias conductance (G-G c )/G 0 at different gate voltage as a function of temperature. The temperature dependence of profiles at different gate voltage is different with each other, indicating T* is gate dependent.
FIG. S5 Gate dependent singlet-triplet energy splitting in device 2. a, Color plot of numerical derivative of dI/dV as a function V sd and V g in region II for device 2. The black dash line indicates the peak position. Far away from singlet-triplet transition point, the peak position varies almost linearly with gate voltage. When approaching transition point, the splitting deviate from linear relation, indicating a ferromagnetic coupling between two electrons (J<0). By extending the linear peak position to the gate voltage when transition should happens, we can estimate the value of J/4, about -0.4meV, which is quantitatively in agreement with device 1. b, Plot of dI/dV against V sd in region II of device 2 at different gate voltage. The peak positions are marked by dash line. The curves are shifted vertically for clarification. 
